ABSTRACT: Influence of gamma rays on the cyanobacterium Synechocystis sp. PCC 6803 cells was investigated in terms of a bidirectional hydrogenase, which is encoded by hoxEFUYH genes and responsible for biohydrogen production. Irradiated cells revealed a substantial change in stoichiometry of photosystems at one day after gamma irradiation at different doses. However, as evaluated by the maximal rate of photosynthetic oxygen evolution, maximal photochemical efficiency of photosystem II, and chlorophyll content, net photosynthesis or photosynthetic capacity was not significantly different between the control and irradiated cells. Instead, transcription of hoxE, hoxH, or lexA, which encodes a subunit of bidirectional hydrogenase or the only transcriptional activator, LexA, for hox genes, was commonly enhanced in the irradiated cells. This transcriptional enhancement was more conspicuously observed immediately after gamma irradiation. In contrast, hydrogenase activities were found to somewhat lower in the irradiated cells. Therefore, we propose that transcription of hox genes should be enhanced by gamma irradiation in a LexA-mediated and possibly photosynthesis-independent manner and that this enhancement might not induce a subsequent increase in hydrogenase activities, probably due to the presence of post-transcriptional and/or posttranslational regulatory mechanisms.
Synechocystis sp. PCC 6803 is a fresh-water, unicellular, non-nitrogen fixing cyanobacterium, containing a single bidirectional NiFe-hydrogenase encoded by hoxEFUYH. 1 Bidirectional hydrogenasessplit molecular hydrogen into protons and low potential electrons or combine protons and electrons to molecular hydrogen. Althoughthe physiological role of this enzyme in cyanobacteria remains unclear to date, it has been suggested that the enzyme may involve in fermentation, respiratory and photosynthetic electron flow. 2 The cyanobacterial hydrogenase and hydrogen metabolism is controlled by environmental factors such as anaerobiosis, molecular hydrogen, nickel, 3 and nitrate-and sulfurlimitations . 4, 5 Recently, important clues about the genetic control of hox genes were obtained from Synechocystis sp. PCC 6803. LexA, a transcriptional repressor in the gene expression for the SOS response of Escherichia coli, was revealed to function as a transcriptional activator for the bidirectional hydrogenase genes, hoxEFUYH, in Synechocystis. 1, 2, 6 The cyanobacterial LexA has two binding sites upstream of hoxEFUYH and is the first and only transcription regulator identified so far for expression of the bidirectional hydrogenase genes in cyanobacteria. It also has been suggested that LexA might be important for regulation of genes involved in carbon metabolism rather than the typical DNA repair genes in Synechocystis. 7 Moreover, cyanobacteria are known to be much stronger to DNA damaging agents than Escherichia coli. Although LexA does not involve in activation of DNA repair genes in cyanobacterial cells, there exists a possibility for additional cellular responses and/or physiological functions of LexA to DNA damaging agents, e.g., ionizing radiation. The low sequence homology (about 28%) of LexA between Escherichia coli K12 and Synechocystis sp. PCC 6803 allows this possibility. In the present study, therefore, we investigated whether gamma rays might work as an artificial elicitor for activation of the bidirectional hydrogenase genes. In addition, possible relationships among photosynthetic activity, transcript level of lexA and two hox genes, and hydrogenase activity, were assessed in Synechocystis sp. PCC 6803 cells after exposure to gamma rays at different doses. Cyanobacteria have been known to be relatively resistant to DNA damaging agents, e.g., ionizing radiation. However, gamma rays as an artificial elicitor toenhance activation of the bidirectional hydrogenase genes, no or only minor effects on viability of cyanobacterial cells are a prerequisite for the sustainable biohydrogen production. Although the bidirectional hydrogenase modulates transcription of photosynthetic genes psbA, psaA and petB, working as an electron valve during photosynthesis, 8 growth, chlorophyll content, and net photosynthesis of Synechocystis cells were little affected by gamma rays up to 200 Gy ( Figure 1A-C) . Instead, the maximal photochemical efficiency of PSII, Fv/Fm, was slightly increased by gamma irradiation up to 100 Gy ( Figure 1D ). These results may imply that the cyanobacterium Synechosystisis overall tolerant to gamma rays up to 200 Gy.
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However, we cannot rule out the possibility that functional or structural changes in photosynthetic electron transport systems of Synechocystis cells were caused by gamma irradiation. To investigate a change in stoichiometry of photosystems constituting photosynthetic electron transport systems, therefore, relative amounts of photosystems I (PSI) to II (PSII) were determined in the control and irradiated cells by measuring 77 K fluorescence emission spectra with excitation at 440 or 580 nm. The ratio of PSI to PSII can be expressed as a ratio of F725 to F695 or F720 to F690. [9] [10] [11] It was found to be substantially higher in the irradiated cells than in the control, except for the 200-Gy cells (Figure 2A-E) . Moreover, the 77 K fluorescence emission spectra upon excitation at 580 nm demonstrated that irradiation of Synechosystis cells with gamma rays up to 100 Gy decreased PSII emission at 680 to 690 nm more than PSI emission at 720 nm ( Figure 2F-J) . These results suggest thatthe structural changes of photosystems after gamma irradiation would be more conspicuous in PSII than in PSI and be associated with no significant decrease in photosynthetic capacity. Upon treatment of Escherichia coli cells with DNA damaging agents such as ultraviolet light (UV) and mitomycin C, the proteolytic inactivation of LexA, a transcriptional repressor in the gene expression for the SOS response, is induced in association withactivated RecA molecules and then leads to increased synthesis of RecA for propagation of the SOS response. 12 Since the lexA itself is repressed by its own product, LexA, its gene expression is also enhanced by the inducing treatments. In contrast, it has been recently reported in cyanobacterial cells that the Synechocystis lexA and recA promoters were strong and UV insensitive, thereby showing no correlation with the Escherichia colitype SOS response. 7, 13 Figure 3. Expression of lexA, hoxE, and hoxH in the control and irradiated cells. A, RT-PCR; and B, C, and D, Real-time quantitative PCR for lexA, hoxE, and hoxH, respectively. 16srRNA was used as an endogenous control gene to normalize for differences in the amounts of total RNA. In B-D, the expression ratio indicates the relative transcript levelof each gene, which was calculated by the comparative (2 -△△Ct ) method. 15 Bars represent means ± SE of four measurements from two independent experiments. The mean values without a common letter are significantly different at P = 0.05 by Tukey' s honestly significant difference (HSD) test. IR, gamma-irradiation.
Unlike UV, when Synechocystis sp. PCC 6803 cells were irradiated with gamma rays of 50-200 Gy, the transcription level of lexA was 2.7-to 4.9-fold increased immediately with little dependence on the radiation dose ( Figure 3A and B). Interestingly, a similar pattern was also observed in the transcript level of hoxE or hoxH, which was 3.2-to 6.2-fold or 2.6-to 4.2-fold increased, respectively, immediately after gamma irradiation ( Figure 3A, C, and D) . Even one day later, the transcript level of lexA, hoxE, or hoxH was 2.6-to 3.5-fold, 1.5-to 2.3-fold, or 1.7-to 2.9-fold higher than that of the control, respectively. These results imply that the increase in transcription of hoxE and hoxH after gamma irradiation may occur through LexA, the only transcriptional activator for hoxEFUYH. Accordingly, the higher transcript level of hoxE than that of hoxH may be due to the relative positions of the two genes from the promoter in the Synechocystis hox operon. In contrast, it was also reported that Synechocystis LexA-related protein functions as a transcriptional repressor for cyanobacterial RNA helicase, crhR, in a redox-responsive manner. 13 Although Synechocystis LexA does not participate in regulation of DNA repair genes for the SOS response, it may be crucial in cell viability and transcription of hoxEFUYH after gamma irradiation. However, since our previous study revealed transcriptional activation of Synechocystis hox promoter in transformed Escherichia coli cells irrespective of LexA, 14 it cannot be excluded that other unknown transcriptional regulators as well as LexA may involve in the enhanced transcription of hoxE and hoxH after gamma irradiation.
Next, to reveal the influence of the enhanced hoxE and hoxH transcription on production of biohydrogen, hydrogenase activities were investigated after gamma irradiation. The hydrogenase activities were found to be somewhat lower in the irradiated cells (Figure 4) . Therefore, the increased transcript levels of hoxE and hoxH after gamma-irradiation didn' t imply the subsequent enhancement of hydrogenase activity and biohydrogen production. Actually, SDS-PAGE analysis of total cell extracts showed that the levelsof HoxE and HoxH proteins were not significantly different between the control and irradiated cells (data not presented). In contrast, the decrease of hydrogenase activities in the irradiated cells might be due to incomplete enzyme maturation. Post-translational modifications via maturation enzymes, e.g., HypA-F and HoxW proteins, are known to be necessarily required for full activation of nascent cyanobacterial hydrogenases. 16 Taken together, the data shown in Figures 3 and 4 suggest that the hydrogenase activities could be rather inhibited in spite of the enhanced transcription of hoxE and hoxH after gamma irradiation. In conclusion, we demonstrated that the substantial change in stoichiometry of Synechocystis photosystems within one day after gamma irradiation did not cause significant damages in photosynthetic capacity and that gamma irradiation could increase transcription of hox genes in a LexA-mediated and possibly photosynthesis-independent manner. Since the gamma-ray-induced enhancement of hox gene transcription was null for hydrogenase activities, the presence of post-transcriptional and/or posttranslational regulatory mechanisms was suggested for the failure of a subsequent increase in hydrogenase activities. Therefore, these regulatory mechanisms involving in hydrogenase activities after gamma irradiation will be further studied for enhancement of biohydrogen production.
